Pinhole imaging of large (mm scale) carbon-deuterium (CD) plasmas by proton self-emission has been used for the first time to study the microphysics of shock formation, which is of astrophysical relevance. The 3 MeV deuterium-deuterium (DD) fusion proton self-emission from these plasmas is imaged using a novel pinhole imaging system, with up to five different 1 mm diameter pinholes positioned 25 cm from target-chamber center. CR39 is used as the detector medium, positioned at 100 cm distance from the pinhole for a magnification of 4×. A Wiener deconvolution algorithm is numerically demonstrated and used to interpret the images. When the spatial morphology is known, this algorithm accurately reproduces the size of features larger than about half the pinhole diameter. For these astrophysical plasma experiments on the National Ignition Facility, this provides a strong constraint on simulation modeling of the experiment. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4959782]
I. INTRODUCTION
Determining the shape, spatial scale, and location of particle emission is an important diagnostic of hot high-energydensity plasmas on the National Ignition Facility (NIF), 1 such as those produced in laboratory astrophysics and inertialconfinement fusion (ICF) experiments. Fusion self-emission imaging is a measure of the local thermonuclear reaction rate. Until now, imaging the self-emission of fusion plasmas was limited to x-ray pinhole 2 and penumbral 3 imaging, neutron pinhole 4 and penumbral 5 imaging, or penumbral imaging of protons. [6] [7] [8] When studying implosions, penumbral imaging must be used for protons due to the combination of low yields and small spatial scales. For a typical 7 proton yield of ∼10 10 from an imploded core 50-80 µm in diameter, a 10 µm diameter pinhole 10 cm from the implosion would allow only 6 protons to reach the detector.
Recent experiments on shock formation 9-12 relevant to astrophysics study hot mm-scale carbon-deuterium (CD) plasmas, which generate the reactions
The 3 MeV proton from Eq. (1) is used in this work. The two reaction branches have comparable cross sections. 13 The neutron yield 14 and production time 15 are measured, but the spatial distribution of neutron emission cannot be measured. However, with proton yields of 10 8 -10 10 produced over a region several mm in scale, the proton self-emission from these plasmas can be imaged using a pinhole camera. We report the first proton pinhole imaging instrument for high-energy-density plasmas, which is organized as follows: the instrument design is described in Section II, the data and analysis are discussed in Section III, and the paper is concluded in Section IV.
II. INSTRUMENT DESIGN
The design of this instrument is shown in Fig. 1 . The source of protons (left) is imaged using a pinhole and detector pack (right). The source-pinhole distance is 25 cm and the pinhole-detector distance is 100 cm for a magnification of 4×. The detector pack consists of a front filter (12.5 µm of Ta to range out laser-accelerated ions, 16 which are several orders of magnitude more numerous than fusion products), a piece of CR-39 to detect the protons, 17 and an image plate for co-registered x-ray imaging using the same pinhole. Up to five pinholes can be used in an array (bottom left). The slits adjacent to the pinholes are used for simultaneous x-ray spectroscopy using the NIF "Supersnout II" crystal spectrometer. 18 Using this configuration, proton pinhole imaging can be accomplished using approximately mm diameter pinholes, because of the large plasmas in these experiments, with adequate proton statistics (10 2 -10 4 ) for the above yield range.
The CR-39 data are processed using standard techniques 17 to record the proton track distribution. The CR-39 is etched in 6N NaOH for 2-5 h, depending on proton fluence, and then scanned using a digital microscope system that records characteristics of each track. Background is rejected using specified ranges in the track diameter, contrast, and eccentricity. In these experiments, the primary source of background is the intrinsic noise in the CR39, with typical S/B of 10-100×. The remaining signal tracks are spatially histogrammed to create an image.
III. DATA AND DECONVOLUTION ANALYSIS
Raw data from NIF shot N150616-001-999 are shown in Fig. 2 . In the raw data, there are five independent images (see Fig. 1 ), each from a different 1 mm diameter pinhole. The color scale corresponds to protons per pixel. The proton yield on this shot was 2 × 10 9 , about an average for this type of experiment. The spatial scale is given at the detector plane. Since the magnification is 4×, it is clear that the object size is several mm, which means that the pinhole point-spread function (PSF) is non-negligible.
To remove the effect of the finite pinhole size, we perform a 2-D image reconstruction using a Wiener deconvolution. Because of the relatively low particle statistics, the Wiener deconvolution minimizes the effect of noise on the inferred results. The fidelity of this algorithm is demonstrated in Fig. 3 using synthetic data. A 2-D Gaussian source profile is used with σ x = 0.5 mm and σ y = 1.0 mm, shown in the upper left. The synthetic source includes statistical noise consistent with a 2 × 10 9 proton yield, as in shot N150616-001-999. This source profile is convolved with the pinhole PSF (top right) and then detector noise is added (bottom left) to generate the synthetic data. The deconvolution algorithm accurately reconstructs the source under these conditions (bottom right). A fit to the reconstructed image gives σ x = 0.51 mm and σ y = 1.0 mm, demonstrating that the spatial extent is accurately deconvolved.
To test the limits of this technique, the synthetic data reconstruction routine, as in Fig. 3 , was run for varying values of the "thin" width, σ x , and pinhole diameter. 50 randomized reconstructions were performed for each point in Fig. 4 This diagnostic enables new and unique constraints of simulations of these experiments. Simulations are performed using radiation-hydrodynamics and particle-in-cell techniques. All of these simulations give the plasma conditions over the experiment, which can be used to create synthetic proton self-emission data by the local fusion reactivity. This imaging technique therefore significantly constrains the models, in particular their ability to predict the proton yield and geometry of the emitting region.
IV. CONCLUSIONS
The first proton pinhole imaging diagnostic for highenergy-density plasmas has been implemented on the NIF. Recent experiments have been conducted that produce large (mm-scale) CD plasmas to study the microphysics of shock formation, which is relevant to shocks in astrophysical systems. The hot and dense regions of these plasmas produce 3 MeV DD protons, which are imaged using a new pinhole detector. The pinhole images are reconstructed using a Wiener deconvolution algorithm, which is numerically demonstrated for synthetic data. This diagnostic will provide strong constraints on modeling of these astrophysically relevant plasmas.
Depending on the system to be imaged, this technique can be extended in several ways. Other charged fusion products, for example, D 3 He protons (14.7 MeV) or DT αs (3.5 MeV), could be imaged by changing the detector pack filter (Fig. 1) . The imaging resolution or field of view can also be changed with different magnifications-1× and 12× are available with existing NIF hardware.
